Abstract-A new type of varactor-tuned microstrip bandpass filter (BPF) based on a single 1/2λ resonator is investigated. The proposed resonator is composed of a transmission line with both ends shortended and two varactors inserted symmetrically in the middle section. The variation of coupling coefficient can be controlled by using an inductor. With the proposed structure, it is easy to adjust the external quality factor of the filter and to control the bandwidth. Extra dc-block capacitors for the input and output ports are not necessary because the design of the proposed tunable 1/2λ resonator makes the varactor act as both a frequency tuning element and a dc-block circuit. The proposed BPF is found to have the advantages of compact size, low insertion loss, large tuning range and good linearity.
INTRODUCTION
Electronically reconfigurable or tunable microwave filters [1] [2] [3] [4] [5] [6] are attracting more attention for research because of their increasing importance in improving the capability of current and future wireless systems. The tunability of such filters is usually accomplished by using different tunable components such as: RF micro-electromechanical systems (MEMS), p-i-n diodes and varactor diodes. Among various tuning technologies, varactor-tuned BPFs are highly attractive due to their compactness, high tuning speed and low cost.
Most research in tunable filters has been mainly focused on the realization of frequency tuning. However, in practical application, there are some requirements for bandwidth control. A mixed electric and magnetic coupling scheme is introduced to control absolute bandwidth (ABW) in [7] . Recently, filters with both frequency and bandwidth tuning capabilities have been reported [8] [9] [10] [11] . Chiou and Rebeiz realized a varactor-tuned combline bandpass filter at 1.5-2.2 GHz with the 1-dB bandwidth of 50-170 MHz and insertion loss of 5.1-3.2 dB, respectively [8] . Serrano and Correra developed a tunable dual-mode triangular patch filter at 2.9-3.5 GHz with the 3-dB bandwidth of 4%-12% [10] .
In this paper, the investigation aims to reduce the insertion loss and to explore the unique characteristics of the two resonant modes when varactors are introduced in the middle section. This leads to a simple tuning scheme for tuning the passband bandwidth, which is obviously influenced by the coupling inductor. For the experimental filter, the tuning range is 58% from 1.38 to 2.50 GHz whose 3-dB ABW is 116±11 MHz, and insertion loss of 2.7-3.9 dB ( better than 3 dB from 1.8 to 2.5 GHz).
THEORY AND DESIGN EQUATIONS

Electric Field Distribution
Two conventional 1/2λ resonators with one varactor and two varactors are depicted in Figs. 1(a) and (b). Both types of conventional configurations require a dc-block capacitor for each port when the input/output coupling is directly tapped to the resonators [7] , which accumulates extra loss. In this design, center frequency tuning can be achieved by the varactors inserted symmetrically in the middle section, as shown in Fig. 1(c) . The microstrip line in the middle is very short and mainly used for the welding of varactors. The electric field distribution of the two types of conventional tunable 1/2λ resonators are both similar to that of a conventional 1/2λ resonator with both ends open-circuited as depicted in Fig. 2 , whose voltage is minimum in the midpoint, as shown in Fig. 3(a) . Hence, both ends must be short-circuited if a large electric field is desired in the middle section of the resonator. So the proposed tunable 1/2λ resonator has both ends short-circuited whose electric field is similar to that in Fig. 3(b) .
Since the proposed tunable 1/2λ resonator is symmetrical in structure, the odd-even-mode method can be implemented. For oddmode excitation, the voltage is null in the midpoint. However, the point loaded with a virtual grounding varactor in the mid-part in odd-mode, as shown in Fig. 4 , can not be analyzed in the traditional way as an open-circuited transmission line. Referring to Fig. 4 , the influence of varactors on frequency shifting in odd-mode is very weak according to the electric field distribution. So the resonant frequency of odd-mode is nearly invariable. As for even-mode excitation, there is no current flow through the symmetrical plane. The influence of varactors is great in the middle section where the electric field is strong, and the varactors have an obvious influence in the change of center frequency. Therefore, only the even-mode is utilized in the proposed BPF. Figure 5 is the input and output network of the proposed filter. Once Z in is found, external quality factor Q e is then determined as
Analysis of External Quality Factor
where χ is the reactance-slope parameter of the resonator. The input/output impedance for even-mode can be deduced as
Although Q e is defined for a singly loaded resonator, if the resonator is symmetrical, one could add another symmetrical load or port to form a two-port network, define a doubly loaded external quality factor Q e as
The singly loaded external quality factor Q e is simply twice of Q e . From Equations (1) and (5), it can be concluded that Q em increases as the inductance L increases, i.e., Q em can be adjusted by the inductance L. When the Q em factor decreases, at a fixed resonant frequency the ABW will increase indicated by Equation (6) . Then the insertion loss will decrease [12] because of the increase of BW indicated by Equation (7):
where g i (i = 1 ∼ n) is the value of low-pass prototype, and Q ui represent the unloaded quality factors of the resonator corresponding to g i . Illustrated in Fig. 6 , the value of the varactor is set as 2.5 pF and when the value of the inductor decreases from 11 to 5 nH, the following results can be concluded: 1) the center frequency keeps almost constant; 2) the bandwidth of the passband increases as a result of the decrease of Q em ; 3) the insertion loss decreases. So the simulation with the help of Agilent-ADS verifies the accuracy of the analysis discussed above.
The structure of the propose BPF is shown in Fig. 7: 1) The input/output impedance matching is realised by a small inductance which has less loss compared with a capacitor. 2) Two varactors not only act as frequency tuning elements, but a dc-choke for both input and output ports. Thus, this circuit doesn't need to introduce dc-choke Figure 7 . Topology of the fabrication model of the filter.
capacitors. 3) A first-order filter is adopted. In every aspect discussed above, it can reduce the insertion loss of the tunable filter.
IMPLEMENTATION AND RESULTS
The structure of the experimental BPF is shown in Fig. 7 . The substrate is Teflon with the thickness of 0.8 mm and the dielectric constant of 2.65. SMV1405-079LF surface mount varactor diodes from Skyworks Corporation are used in the prototype circuit. To get a better Q value, two parallel SMV1405-079s are used at the position of the varactor. The capacitance of the varactor diode can be tuned from 2.67 to 0.66 pF by varying the bias voltage from 0 to 30 V. The equivalent electric length is adjusted by the capacitance of the varactors. The external coupling inductor is selected as 6.8 nH from Coilcraft. All the dimensions of the symmetrical structure are selected as follows:
The fabricated compact tunable BPF is shown in Fig. 8 . It was measured with a vector network analyzer (Agilent N5230A). The measured and simulated responses are plotted in Fig. 9 . Good agreement between simulation and measurement is obtained. As indicated in Table 1 , the 3-dB ABW keeps nearly constant when the frequency varies from 2.023 to 2.5 GHz. The filter can be tuned from 1.387 to 2.5 GHz, and among the tuning range, the insertion loss of the fabricated filter varies from 3.9 to 2.5 dB. This is mainly due to the low Q value of the silicon varactor diodes, lump elements and low unload quality factor of microstrip resonator. Only one RF-block circuit is needed in the midpoint of the structure for the applied controlling voltage. Figure 10 shows that the frequency and bias voltage have almost 
CONCLUSION
A varactor-tuned microstrip BPF based on a novel 1/2λ resonator has been proposed and designed. A study of the bandwidth tuning is done with the external coupling section, and the bandwidth is mainly influenced by the value of the coupling inductor. This topology is easy to implement, can be used for the demand of Wi-Fi and WLAN, and will adapt to many other applications due to its design flexibility.
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